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results arrived at by different researchers reflect the many and 
complex factors that influence how much of the total trace ele-
ment load in a sample is bioaccessible (i.e. element investigated, 
granulometry and mineralogy of the sample, organic carbon 
content, mode of retention, anthropogenic or natural origin, 
acid-to-sample ratio in the digestion procedure, etc.). This vari-
ability of results is also a consequence of the disparity of extrac-
tion protocols employed and the analytical difficulties associated 
with some of them, especially those which attempt to retrieve 
both the gastric (trace elements removed from the solid matrix 
under extraction conditions similar to those existing in the hu-
man stomach) and intestinal (previously released elements that 
remain in solution at conditions resembling those of the human 
small intestine) fractions of the total contaminant load in the so-
lid sample. These analytical difficulties - which include long 
extraction times, large number of unstable reactants, concentra-
tions near or below the detection limit - have led a majority of 
researchers to make use of simplified, gastric-only bioacces-
sible extraction protocols rather than complete mouth-gastric-
intestinal methods. 
Following the discussion above, the aim of this work is to 
compare the results of two simplified standard protocols used 
to evaluate trace element gastric bioaccessibility and one that 
evaluates mouth-gastric-intestinal bioaccessibility when applied 
to playground soil, and to discuss the influence of the concentra-
tion of major elements and selected soil properties on the bioa-
accessibility of As in that material and, hence, in the potential 
effects on children health in urban environments. 
2. Materials and methods 
The city of Madrid extends over 600 km2 with an estimated 
population of approximately 3 million inhabitants. The climate in 
Madrid is continental and relatively mild, with annual average 
temperature and precipitation of 14.5 °C and 436 mm, respec-
tively. These weather condition and the traditional Spanish social 
habits encourage outdoor activities for kids, particularly games in 
public playgrounds after school, during weekends and holiday 
periods. 
2.1. Sampling sites, sampling collection and preparation 
Soil samples in this study were collected from the municipal 
playgrounds specifically designed for children up to 6 years of 
age which can be found in most parks and municipal green areas 
of Madrid. In 16 of these playgrounds, two 500 g samples of sur-
ficial substrate were collected with a plastic pan and a brush. This 
surficial substrate is composed of natural soil covered by a few 
centimeters of medium-to-coarse sand which is meant to act as 
an impact-absorption medium to prevent injuries from falls 
(European Committee for Standardization, 2001). The sand cover 
eventually mixes with the underlying soil as well as with soil 
transported from adjacent green areas and wastes, and is nor-
mally replaced at 4-12 month intervals. The 32 samples of this 
material were transferred to polyethylene bags for transport to 
the laboratory where they were oven dried at 45 °C for 48 h 
and then sieved, in all-plastic sieving sets, through 2 mm, 
500 urn and 100 urn mesh. 
The determination of the physicochemical properties was car-
ried out in duplicate on the <100 urn size fraction: soil pH and elec-
trical conductivity were measured in 1:2 and 1:5 soihwater 
extracts, respectively, oxidisable organic matter content was deter-
mined using the Walkley-Black method, calcium carbonate was 
determined with the calcimeter Bernard method, and cation ex-
change capacity was evaluated with ammonium acetate (1 N). 
2.2. Pseudo-total (i.e. aqua regia extractable) contents 
The fraction <100 urn was reduced by quartering to 0.5 g, which 
was subsequently digested for 1 h in a hot water bath (>95 °C) with 
a 2:2:2 mixture of ACS grade HC1 and HN03 and de-mineralised 
water. After cooling, the solution was made up to 10 mL with 5% 
HC1 (adapted from ISO 11466, 1995, according to De Miguel 
et al., 2007). Trace element and major element concentrations 
were determined by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES). Quality controls involved two reagents 
blanks and a certified reference material (STD DS6, Acme Analytical 
Laboratories) for each batch of 32 samples. (For the sake of brevity 
aqua regia extractable contents will be referred to as "total" con-
tents in the following sections). 
2.3. Physiologically Based Extraction Test (PBET), following Oomen 
et al., 2003 
The Physiologically Based Extraction Test (PBET) simulates the 
mouth, stomach and intestine in terms of digestive juice composi-
tion, temperature, pH and transit time. Transit times in Oomen 
et al. (2003) were extended to 4 h in the stomach stage and 3.5 h 
in the small intestine stage so as to more accurately reproduce 
digestion conditions in the human body (DeSesso and Jacobson, 
2001). Artificial saliva (9 mL) was added to 0.6 g of soil <100 urn 
in centrifuge tubes and the mixture was rotated for 5 min at 
37 °C. Subsequently 13.5 mL of gastric juice were added and the 
mixture was rotated for 4 h at 37 °C. Afterward 36 mL of intestinal 
juices (27 mL of duodenal juices and 9 mL of bile) were added and 
the mixture was rotated for 3 h and 30 min at 37 °C. Finally the 
mixture was centrifuged for 5 min at 3000 grav in order to separate 
the solid (pellets) and the liquid (chyme) fractions. 0.9 mL of 
chyme were diluted with 8.1 mL of HN03 2% and the resulting 
solution was analyzed by Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS). Details of the composition of each reactant 
can be found elsewhere (Oomen et al., 2003). Quality controls in-
volved preparation and analysis of five sample triplicates and one 
blank triplicate. The results were considered acceptable since the 
relative standard deviation of the replicates was below 10%. 
2.4. Simplified Bioaccessibility Extraction Test (SBET), following Ruby 
et al., 1999 
In order to determine the glycine-extractable As contents, 0.5 g 
of soil <100|j.m were mixed with 50 mL of glycine (0.4 M) at 
pH = 1.5 adjusted with HC1 for 1 h at 37 °C. The mixture was centri-
fuged and the supernatant was filtered using Whatman paper 
number 2. The concentration of As was determined by ICP-MS. 
Quality controls involved preparation and analysis of five sample 
triplicates and one blank triplicate. The results were considered 
acceptable since the relative standard deviation of the replicates 
was below 10%. 
2.5. Hydrochloric acid-extractable fraction, following Rasmussen et al., 
2008 
A modified version of the European Standard Toy Safety Protocol 
EN-71 (European Committee for Standardization, 1995) proposed 
by Rasmussen et al. (2008) was used to determine HCl-extractable 
As contents: 0.05 g of <100 urn soil were extracted with 50 mL of 
HC1 0.07 M (pH = 1.5 adjusted with HC1) for 1 h at 37 °C. The mix-
ture was left standing for an hour and then it was centrifuged, the 
supernatant was filtered using Whatman paper number 2. The con-
centration of As was determined by ICP-MS. Quality controls in-
volved preparation and analysis of five sample triplicates and one 
blank triplicate. The results were considered acceptable since the 
relative standard deviation of the replicates was below 10%. 
The statistical analyses of the analytical data were carried using 
R (R Development Core Team, 2004). They included descriptive 
univariate statistics, multiple linear models and a Bayesian Infor-
mation Criterion (BIC) analysis which, given the large number of 
variables that could be included in the linear model, some of which 
are redundant, was used to establish the best - in terms of in-
creased likelihood - and smallest sub-set of predictor variables 
(Eq. (1)) for the linear models. 
BIC = - 2 x log L + p x log n (1) 
where BIC is the Bayesian Information Criterion, L the Likelihood, 
p the number of parameters, n is the number of data. 
3. Results and discussion 
Table 1 shows the individual results, range, standard deviation, 
relative standard deviation, mean and median values for the con-
centration of major elements, pH, electrical conductivity (EC), cat-
ion exchange capacity (CEC), and calcium carbonate and organic 
matter (OM) content of the soils included in this study, as well 
as the total (i.e. aqua regia extractable), and the gastric-bioaccessi-
ble (SBET and HCl) and complete gastro-intestinal PBET-bioaccessi-
ble concentrations of As following the three extraction methods 
described in the previous chapter. All the samples of playground 
soil in Madrid exhibit a very uniform, basic pH of around 8.5. Val-
ues of oxidisable organic matter are more variable and generally 
low, with a median value of 2% and 78% of all the results below 
3%. Total concentrations of As in playground soil (mean: 
6.8u,gg_1; range: 4.4-11.5 ugg - 1) are slightly lower and much 
more uniform than natural background As concentrations in soils 
across the whole region of Madrid (mean: 9.9 u,gg_1; range: 0.4-
86.2 |j.gg_1) but they are almost identical to those found in soils 
that have developed from the bedrock (i.e. arkose) that underlie 
the city of Madrid (mean: 6.7u,gg_1; range: 1.1-42.9 ugg - 1) 
(De Miguel et al., 2002). 
The percentage of gastric and gastric + intestinal bioaccessibility 
of As was established through a linear regression of the concentra-
tions of SBET-extractable, HCl-extractable and PBET-extractable 
As, respectively, on the total concentrations of this element (assum-
ing constant variance of residuals). The linear model was forced to 
intercept the origin assuming a constant percentage of bioaccessible 
As in all samples (i.e. the percentage of bioaccessibility is indepen-
dent of total As content) and zero bioaccessibility at zero total con-
centration (Fig. 1). The fraction of SBET-bioaccessible arsenic was 
determined to be 63.1%, the percentage of HCl-bioaccessible As 
was 51.8% and PBET-bioaccessible As was 41.6%. The three linear 
models had p-values lower than 2 x 10~16 and were therefore highly 
significant. As expected (Ellickson et al., 2001), gastric-only 
Table 1 
Soil properties, "pseudo total" (i.e. aqua regia extractable) As and HCl-, SBET-, and PBET-As concentrations in samples from playground surface soil. 
Sample 
no. 
1-1 
1-2 
2-1 
2-2 
3-2 
3-2 
4-1 
4-2 
5-1 
5-2 
6-1 
6-2 
7-1 
7-2 
8-1 
8-2 
9-1 
9-2 
10-1 
10-2 
11-1 
11-2 
12-1 
12-2 
13-1 
13-2 
14-1 
14-2 
15-1 
15-2 
16-1 
16-2 
Mean 
Median 
Std. dev. 
Rel. std. 
dev. 
(%) 
Max. 
Min. 
Fe 
(%) 
0.74 
0.85 
1.21 
1.38 
1.37 
1.35 
1.04 
0.97 
0.98 
0.80 
1.14 
1.23 
1.18 
1.00 
0.90 
0.85 
1.21 
1.19 
0.71 
0.73 
0.97 
0.66 
1.01 
0.84 
0.92 
1.00 
0.80 
0.70 
1.28 
1.28 
1.22 
1.43 
1.03 
1.00 
0.23 
22 
1.43 
0.66 
Ca 
(%) 
0.88 
0.80 
1.70 
2.12 
0.66 
0.64 
2.40 
1.38 
8.32 
8.53 
3.67 
3.15 
2.61 
3.14 
3.16 
2.59 
0.61 
0.68 
1.32 
1.08 
2.58 
1.16 
0.63 
0.47 
1.14 
0.96 
2.65 
0.65 
1.25 
1.19 
2.42 
2.53 
2.10 
1.35 
1.91 
91 
8.53 
0.47 
P(%) 
0.052 
0.055 
0.211 
0.254 
0.060 
0.061 
0.067 
0.064 
0.059 
0.038 
0.053 
0.058 
0.055 
0.045 
0.058 
0.060 
0.051 
0.057 
0.052 
0.057 
0.067 
0.049 
0.045 
0.038 
0.053 
0.053 
0.050 
0.038 
0.054 
0.073 
0.088 
0.099 
0.068 
0.056 
0.045 
67 
0.254 
0.038 
Mg 
(%) 
0.26 
0.28 
0.39 
0.42 
0.39 
0.39 
0.63 
0.37 
0.30 
0.25 
0.32 
0.34 
0.39 
0.34 
0.39 
0.34 
0.32 
0.33 
0.22 
0.21 
0.27 
0.18 
0.25 
0.21 
0.30 
0.30 
0.21 
0.16 
0.37 
0.38 
0.34 
0.38 
0.32 
0.33 
0.09 
28 
0.63 
0.16 
Ti(%) 
0.022 
0.023 
0.028 
0.027 
0.040 
0.042 
0.026 
0.022 
0.018 
0.014 
0.019 
0.022 
0.026 
0.020 
0.023 
0.019 
0.028 
0.027 
0.016 
0.016 
0.022 
0.012 
0.022 
0.016 
0.022 
0.023 
0.019 
0.015 
0.021 
0.018 
0.023 
0.029 
0.023 
0.022 
0.006 
29 
0.042 
0.012 
Al 
(%) 
0.79 
0.88 
1.14 
1.24 
1.14 
1.15 
0.96 
0.67 
0.83 
0.68 
0.64 
0.64 
0.76 
0.61 
0.77 
0.68 
0.84 
0.92 
0.64 
0.76 
0.70 
0.67 
0.69 
0.58 
0.82 
0.80 
0.61 
0.45 
1.25 
1.31 
0.99 
1.14 
0.84 
0.78 
0.23 
27 
1.31 
0.45 
Na 
(%) 
0.017 
0.014 
0.019 
0.033 
0.010 
0.011 
0.032 
0.009 
0.010 
0.009 
0.009 
0.008 
0.007 
0.007 
0.008 
0.008 
0.014 
0.012 
0.006 
0.015 
0.010 
0.019 
0.011 
0.006 
0.007 
0.007 
0.008 
0.006 
0.009 
0.015 
0.023 
0.025 
0.013 
0.010 
0.007 
57 
0.033 
0.006 
K 
(%) 
0.23 
0.25 
0.40 
0.42 
0.39 
0.38 
0.27 
0.19 
0.24 
0.18 
0.16 
0.18 
0.22 
0.16 
0.20 
0.19 
0.24 
0.24 
0.17 
0.20 
0.21 
0.17 
0.21 
0.14 
0.19 
0.19 
0.17 
0.14 
0.30 
0.31 
0.28 
0.32 
0.24 
0.21 
0.08 
33 
0.42 
0.14 
Mn 
(%) 
0.021 
0.023 
0.033 
0.037 
0.033 
0.032 
0.028 
0.025 
0.027 
0.024 
0.028 
0.028 
0.031 
0.030 
0.026 
0.025 
0.040 
0.039 
0.019 
0.017 
0.023 
0.015 
0.024 
0.018 
0.021 
0.021 
0.021 
0.020 
0.048 
0.033 
0.039 
0.043 
0.028 
0.027 
0.008 
29 
0.048 
0.015 
OM 
(%) 
2.438 
2.084 
5.329 
8.219 
1.200 
1.249 
1.478 
2.102 
2.384 
1.484 
1.852 
2.753 
2.896 
2.197 
2.020 
4.437 
1.532 
0.765 
1.493 
2.690 
3.514 
3.316 
1.941 
NA 
0.466 
0.659 
1.989 
1.039 
0.642 
0.849 
3.193 
3.844 
2.324 
2.020 
1.587 
68 
8.219 
0.466 
pH 
7.96 
8.30 
7.92 
8.00 
8.41 
8.55 
8.29 
8.82 
8.68 
8.96 
8.92 
8.66 
8.83 
8.90 
8.76 
8.38 
8.78 
9.00 
8.83 
8.62 
8.89 
8.40 
8.33 
8.45 
7.99 
8.46 
8.56 
8.66 
8.59 
8.62 
8.34 
8.38 
8.54 
8.58 
0.30 
4 
9.00 
7.92 
CaC03 
(%) 
2.90 
2.78 
2.56 
2.84 
2.51 
2.14 
4.83 
1.98 
7.21 
6.77 
3.70 
3.90 
2.70 
3.36 
3.06 
2.64 
1.68 
1.66 
1.83 
1.71 
3.87 
2.31 
NA 
NA 
NA 
NA 
4.16 
1.73 
2.04 
1.93 
2.12 
1.73 
2.95 
2.60 
1.42 
48 
7.21 
1.66 
CEC 
(cmol kg~ 
6.66 
5.80 
7.26 
10.09 
5.98 
4.66 
19.46 
7.27 
19.89 
19.55 
19.69 
18.75 
17.08 
18.48 
18.27 
16.87 
6.30 
5.42 
10.52 
7.79 
18.08 
12.71 
NA 
NA 
NA 
7.77 
19.94 
7.82 
9.98 
10.99 
10.79 
10.62 
12.22 
10.62 
5.52 
45 
19.94 
4.66 
EC 
') (uScnr1 
193 
154 
156 
252 
124 
115 
364 
105 
160 
141 
139 
138 
174 
131 
124 
149 
102 
25 
86 
153 
129 
180 
115 
87 
284 
110 
154 
104 
94 
94 
185 
142 
146 
139 
63 
43 
364 
25 
Aqua regia 
) Astugg-1) 
7.0 
8.2 
6.4 
7.0 
5.7 
6.1 
5.5 
6.1 
11.5 
8.4 
9.0 
10.0 
7.4 
7.1 
7.4 
5.9 
6.5 
6.1 
6.3 
4.4 
5.9 
4.7 
8.2 
4.8 
5.4 
5.4 
5.9 
6.4 
6.4 
6.2 
7.7 
8.5 
6.8 
6.4 
1.5 
23 
11.5 
4.4 
Bioacc. As 
HCliugg-1 
4.26 
5.18 
3.50 
4.26 
2.76 
2.68 
3.82 
3.28 
5.28 
4.72 
4.06 
3.72 
3.76 
3.74 
4.70 
4.42 
3.32 
3.14 
2.84 
2.90 
3.42 
3.30 
3.34 
2.38 
2.94 
2.62 
2.94 
2.52 
3.14 
2.80 
4.22 
4.56 
3.58 
3.38 
0.79 
22 
5.28 
2.38 
Bioacc. As 
) SBET 
(Hgg-1) 
5.13 
6.58 
3.99 
4.63 
2.32 
2.70 
3.77 
3.93 
8.34 
7.31 
5.50 
5.14 
4.39 
4.50 
5.37 
3.98 
2.91 
3.21 
3.07 
3.20 
4.12 
3.51 
3.70 
3.56 
2.84 
2.79 
4.00 
2.53 
3.63 
3.13 
6.22 
6.04 
4.25 
3.95 
1.45 
34 
8.34 
2.32 
Bioacc. As 
PBET 
(mgkg-1) 
3.86 
4.65 
2.68 
2.59 
2.28 
2.19 
3.03 
2.81 
3.95 
2.94 
3.55 
3.55 
3.29 
3.03 
3.69 
2.54 
2.63 
2.76 
2.50 
2.02 
2.59 
2.76 
2.98 
2.15 
2.02 
2.37 
2.24 
2.11 
2.90 
2.41 
3.03 
3.64 
2.87 
2.76 
0.64 
22 
4.65 
2.02 
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Fig. 1. Linear regression of the concentrations (ugg-1) of SBET-extractable, HC1-
extractable and PBET-extractable As, respectively, on the aqua regia concentrations 
(ugg-1) of arsenic. 
bioaccessibility was higher in both cases (SBET and HCI) than PBET-
bioaccessibility, which replicates both the gastric and intestinal 
phases. 
The results of the SBET extraction differ from the gastric + intes-
tinal (i.e. PBET-) bioaccessible values more than those of the HCI 
extraction, a fact that is reflected in the correlation coefficients be-
tween the three methods. Although all of them are significantly 
correlated, with the highest correlation coefficient (r= 0.893) 
occurring between both simplified protocols (SBET and HCI), the 
results of the PBET are more strongly correlated to those of the 
HCI protocol (r = 0.825) than to those resulting from the SBET 
(r = 0.776). This fact is in accordance with the results reported by 
Cui et al. (2008) who also found that SBET produced higher extrac-
tion rates of As than the gastric stage of gastro-intestinal (i.e. PBET, 
IVG) protocols. This increased capacity to mobilize As from the so-
lid matrix and to keep it in solution is probably a consequence of 
the pH-buffering and metal-complexing properties of glycine, 
which result in higher As concentrations dissolved in the superna-
tant of the SBET than in the HCl-only extraction protocol. 
If compared with similar studies elsewhere (Table 2), the gastro-
intestinal bioaccessibility of As in playground soils in Madrid is al-
most identical to that found by Hamel et al. (1999) in the <125 urn 
fraction of the residential soils in New Jersey, and very similar to 
that reported by Carrizales et al. (2006), even though these studies 
analysed soil samples with significantly higher concentrations of 
total As than those found in Madrid. On the other hand, Ljung 
et al. (2007), using the same PBET extraction protocol on play-
ground soils in Uppsala, arrived at gastro-intestinal bioaccessibility 
rates nearly three times lower than those determined in this study. 
The discrepancy can be attributed to the higher Fe and organic mat-
ter contents in Uppsala's playground soils (2.49% and 6.8%, respec-
tively, versus 1.03% and 2.3% in Madrid) and to the lower pH 
(between 4.7 and 8.1 in Uppsala, as opposed to 7.9-9.0 in Madrid), 
facts which combined account for a higher density of binding sites 
for As and a reduced desorption potential relative to Madrid's soils. 
Regarding the gastric-only bioaccessibility of As, Juhasz et al. 
(2007), following the same SBET protocol, found bioaccessibility 
rates for As-contaminated soils along a railway corridor in Australia 
which were nearly half of those determined for Madrid play-
grounds. Again, the lower bioaccessibility might be associated with 
the higher Fe contents in the Australian soils. Intermediate bioac-
cessibility values between those of Juhasz et al. (2007) and the 
results of this study were reported by Yang et al. (2002) in 36 
As-spiked soil samples with very similar Fe and organic matter con-
tents to those of Madrid's playgrounds but with markedly lower pH 
values which inhibit desorption in the gastric solution. Lastly, 
Ellickson et al. (2001) arrived at results quite similar to those of this 
study, after extracting four samples of a NIST Standard using a gas-
tric synthetic fluid which included 0.03 M sodium chloride, 0.084 M 
hydrochloric acid, and 0.32% (w/v) pepsin. 
The assessment of which variables most strongly influence the 
percentage of bioaccessible As in the samples was carried out by 
means of a multiple linear model and a Bayesian Information Cri-
terion (BIC) analysis. The optimal subset of predictor variables con-
sisted of nine variables for the HCI extraction and eight for both the 
SBET and PBET. Total As, Fe, Ca, Ti, Al, K and organic matter (OM) 
were included in all three multiple linear models. As opposed to 
what has been found by other authors (Yang et al., 2002; Juhasz 
et al., 2007), soil pH was not significantly correlated with any of 
the bioaccessibility methods, but this is very likely a consequence 
of the very low variability of pH in the set of samples. Calcium car-
bonate and cation exchange capacity were also excluded from the 
optimal subset of predictor variables. The linear models for the 
three extraction methods are shown in Table 3. 
It is worth noting that despite the analytical difficulties in-
volved in the PBET, its results exhibit a lower variability due to 
measurements errors - measured as residual standard error - than 
the SBET (although slightly higher than the HCI extraction). The 
PBET also presents a lower sensitivity in response to changes on 
soil nature and mode of retention of As onto the solid matrix - rep-
resented by the variables included in the linear models - than both 
simplified extraction protocols. 
The two most significant variables in the linear models for all 
three extraction methods are total As and Fe, the latter with a 
Table 2 
Comparison of different studies of As bioaccessibility in soil. 
Study 
Gastric + intestinal 
Ljung et al. (2007) 
Ellickson et al., 2001 
Carrizales et al. (2006) 
Hamel et al. (1999) 
Hamel et al. (1999) 
Mingot et al. - PBET 
Gastric 
Yang et al. (2002) 
Juhasz et al. (2007) 
Ellickson et al. (2001) 
Mingot et al. - SBET 
Mingot et al. - HCI 
Mean (%) 
16.1 
65.0 
46.5 
66.8 
41.2 
41.6 
43.6 
34.0 
69.4 
63.1 
51.8 
Range (%) (std. dev.) 
-
(5.2) 
39-66 
(8) 
(2) 
32.9-58.8 
5.4-100 
6-89 
(8.3) 
40.6-80.7 
37.2-74.9 
Extraction method 
Oomen et al. (2003) 
Hamel et al. (1999,1998) 
Ruby et al. (1993,1996) 
Hamel et al. (1999,1998) 
Hamel et al. (1999,1998) 
Oomen et al. (2003) 
Ruby et al. (1996) 
Ruby et al. (1996) 
Hamel et al. (1999,1998) 
Juhasz et al. (2007) 
Rasmussen et al. (2008) 
Soil use/type 
Playground 
NIST standard 
Contaminated 
Standard 
Residential 
Playground 
As-spiked 
Contaminated 
NIST standard 
Playground 
Playground 
Particle 
<50 
<74 
<50 
<74 
<125 
<100 
<250 
<250 
<74 
<100 
<100 
size (um) No. samples 
25 
4 
10 
4 
4 
32 
36 
18 
4 
32 
32 
Table 3 
Linear models with the results of the three extraction methods as dependent variables and the BIC optimal subset of soil properties as independent variables. 
Linear model Adjusted 
¡^-squared 
p-Value 
[PBET-As] = -0.461 + 0.503[Total-As] - 2.801 [Fe] - 0.121[Ca] + 2.299[Mg] + 60.915[Ti] + 3.850[A1] - 11.252[K] + 0.160[OM] 0.740 2.5 x 10~ 
[HCl-As] = 0.116 + 0.398[Total-As] - 4.647[Fe] + 0.078[Ca] + 2.007[Mg] + 98.388[Ti] + 4.828[A1] - 14.250[K] + 0.346[OM] + 37.293[Mn] 0.872 4.6 x 10" 
[SBET-As] = -1.657 + 0.710[Total-As] - 4.068[Fe] + 0.291[Ca] + 35.706[Na] + 102.156[Ti] + 6.615[A1] - 18.530[K] + 0.303[OM] 0.877 8.8 x 10~ 
negative partial correlation with bioaccessible As. While total As 
and Fe exhibit a relatively weak but positive total correlation 
(r = 0.238, p = 0.189), and bioaccessible As and Fe are essentially 
uncorrelated (PBET-As/Fe: r= 0.053, p = 0.771; SBET-As/Fe: 
r= -0.021, p = 0.909; HCl-As/Fe: r = 0.022, p = 0.903), the multiple 
linear model shows a negative partial correlation between bioac-
cessible As and total Fe. These facts together seem to indicate that 
only a fraction of the total Fe in the sample is associated with Fe oxi-
des/hydroxides which effectively bind As (higher Fe concentrations 
result in higher total As contents) and that this As is not readily re-
leased in the acidic environments created in all three extraction 
processes (higher Fe concentrations result in lower bioaccessibility 
rates, once the effect of the increase in total As is removed). 
Regarding the potential binding of As to natural organic matter, 
total As and PBET-bioaccessible As are uncorrelated with organic 
matter (r = 0.1131, p = 0.544 and r = 0.1129, p = 0.545, respectively) 
while SBET- and HCl-bioaccessible As exhibit a weak and positive 
correlation. The multiple linear models show that bioaccessible 
As is significantly related with organic matter in the results of all 
three extraction methods, particularly in the HC1 protocol, but as 
opposed to what happens with Fe, the partial correlations are po-
sitive. These facts seem to indicate that relative to other retention 
mechanisms, organic matter does not contribute significantly to 
the overall As content in Madrid's samples, but the small fraction 
of the total As bound to humic substances is released in the gastric 
and gastro-intestinal environments simulated in the three extrac-
tion methods. Since lowering the pH should not promote the 
desorption of As directly bound to polar groups in organic matter, 
the release of OM-bound As hints at a different mechanism of 
retention. A likely possibility involves binding of As to OM through 
a polyvalent-cation (very likely, Ca) bridging mechanism in which 
As anions and negatively charged groups in soil OM are joined 
through positively charged cations (Klitzke and Lang, 2009). In 
the highly acidic solutions created in all three extraction processes, 
especially in the HCl-only method, these Ca-bridges would break 
up and As would be released. 
It is interesting to note that total As is strongly correlated 
with Ca (but not with Fe and OM). The association of As with 
Ca can be attributed, in part, to the mechanism described in 
the previous paragraph, but is in all likelihood mostly due to 
As adsorption on carbonate surfaces through ligand exchange 
or chemisorption (Sadiq, 1997) or to the presence of Ca-As pre-
cipitates in the alkaline soils included in this study (Sadiq, 1997; 
Klitzke and Lang, 2009). The mineral matrix of 8 selected 
samples was investigated by X-ray Diffraction (XRD), including 
preparation of oriented aggregates, in order to confirm the hypo-
thesised binding mechanisms. The results, however, are incon-
clusive: although in two of those samples there seem to be 
two peaks that could be associated with Ca arsenite and arse-
nate, respectively, their intensity is too low to use it as proof 
of their presence in our samples. 
The linear model shows that bioaccessible As is positively cor-
related with Ca in both the HC1 and especially the SBET protocols, 
but negatively correlated in the PBET extracts. These facts suggest 
that As is released in the gastric environment as the carbonate ma-
trix is decomposed and as calcium arsenate is dissolved. When the 
pH is raised in the PBET extract to 5.5 to mimic intestinal condi-
tions, arsenic seems to get sequestered in unavailable chemical 
forms at a higher rate than Ca, hence the negative correlation of 
PBET-As and Ca in the linear model. 
Although the concentrations of Al, Ti, and K are also significant in 
the linear model, the authors are unaware of the physico-chemical 
mechanisms that could explain the lack of correlation of these vari-
ables with total As and their positive, in the case of Al and Ti, and 
negative, in the case of K, partial correlation with bioaccessible As. 
4. Conclusions 
The results of this study highlight the strong dependence of As 
bioaccessibility on soil type and soil properties. The highly homo-
geneous, weakly alkaline nature of the soils in Madrid's play-
grounds differs quite markedly from that of soils included in 
similar studies elsewhere, and the magnitude of As bioaccessibility 
and the underlying physico-chemical mechanisms of release/ 
retention vary accordingly. As opposed to what has been found 
for other soils, total As in the samples from public playgrounds 
in Madrid seems to be mainly bound to carbonate materials 
(although the direct mineralogical analyses carried out have failed 
to provide unequivocal evidence for this retention mechanism) but 
uncorrelated with organic matter and pH, and only slightly corre-
lated with Fe. In weakly alkaline soils, with low contents of Fe oxi-
des and organic matter - as is the case in this study - the As 
released in the simulated gastric environment reaches between 
63% (SBET-bioaccessible) and 52% (HCl-bioaccessible) of the total, 
and a fraction of it is recaptured and removed from the solution 
under intestinal conditions, bringing the percentage of As available 
for effective absorption (PBET-bioaccessible) down to 42% of the 
total. 
Although a complete in vitro extraction test like the PBET -
which reproduces both the gastric and the intestinal environments 
- reflect the actual in vivo bioavailability of trace elements in soil 
more accurately than gastric-only extraction methods, it is an 
expensive and time-consuming analytical protocol. For the soils in-
cluded in this study, if the PBET were to be replaced by a more sim-
ple, gastric-only method, the estimates of As bioaccessibility of the 
HCl-only extraction present the lowest measurement errors and 
approximate the results of the PBET better than methods like the 
SBET which incorporate glycine in the gastric phase and which 
yield higher extraction rates. 
If HCl-As values are used as a conservative (i.e. protective) 
proxy for bioavailable As in Madrid's OM and Fe-oxide poor, alka-
line soils, previous estimates of carcinogenic risk for children from 
exposure to playground soil (close to the 1 x 10~5 level deemed 
unacceptable by most regulatory agencies) based on aqua regia 
concentrations would be halved. Although a 50% reduction is not 
trivial, it is debatable whether the outcome of the risk model 
would not be more sensitive to other sources of uncertainty like 
estimates of toxicity values (with an acknowledged uncertainty 
spanning one order of magnitude), exposure parameters and levels 
of non-environmental background exposure. 
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